INTRODUCTION
Continental shelf and slope waters along mid-latitude oceanic western margins are great ly influenced by weather. Because these waters are shallow they are readily affected by atmospheric forcing such as heating and cooling and turbulent mixing processes. This process of heating , cooling, and mixing of shelf waters creates varying thermal and density contrasts with adjacent ocean waters, often resulting in front formation [Garwood et al., 1981 ; Huh et al., 1978 Huh et al., , 1984 Nowlin and Parker, 1974 ; Price et al .. , 1978] . The temperature and density contrast is accentuated off the southeastern United States because the Gulf Stream is constantly supplying warm water. Thus even when offshore Gulf Stream water is cooled, it is replaced by more warm water from the south. The result is that while shelf waters off Georgia and South Carolina cool from 25°-30°C to 5°-l0°C, waters just a few kilometers offshore in the Gulf Stream cool only to 20°-25°C. This differential cooling combined wi th other local processes causes a variety of hydrographic structures.
The hydrographic structures observed over the shelf and slope in the South Atlantic Bight (SAB) were classified by Atkinson [ 1977] . Examples taken from the experiment described in this paper are shown in Figure I . Over the inner shelf any structure is usually caused by a halocline related to river inflow (Fig. I a) . The middle shelf exhibits structure either because of an offshore extension of the coastal halocline or an onshore penetration of the Gulf Stream (Figures 'Departm ent of Oceanography, Old Dominion Uni versity , Norfolk, Virginia.
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Paper number 89JC00488. 0148-0227 /89/89J C-00488$05. 00 la and lb ). The onshore penetration of the Gulf Stream manifests itself during winter as a surface layer of lighter, warmer water overlying denser, colder shelf water (Figure le) . During the summer lighter shelf water overlies denser, saltier Gulf Stream water. Over the outer shelf and shelf break, the Gulf Stream front can exhibit a variety of structures in the winter that are also summarized in this figure.
Probably the most common feature in the Gulf Stream front, as identified by isopycnals , isohalines, or isotherms, rising to the surface over the upper slope or shelf break. This simple structure is often made more complex by wind and atmospheric cooling or warming events and the passage of Gulf Stream frontal eddies. The passage of Gulf Stream frontal eddies is the most difficult to identify in hydrographic data, since dome structures can occur for a variety of reasons. Figures I b and Id include the typical signature of a frontal eddy: a cold dome structure that here is 90 km offshore. When examining hydrographic data, the presence of a "cold dome" is often used as evidence of a frontal eddy. Such a feature, however, may also be present from cascading of cooled shelf water over the shelf break [Stefans son et al. , 1971] , or as will be shown , it may be caused by shelf break or upper slope upwelling. All these processes result in fronts with various characteristics and at various locations over the shelf.
A particularly strong front seems to occur during southward wind s accompanying cold air outbreaks . Oey [1986 Oey [ , p. 1121 theorized that " Density fronts on the U.S. southeastern continental shelf, during the winter, are formed by (i) breakdown of the shelf-break front by Gulf Stream meanders or strong southward wind s or both , (ii) shoreward intrusion of upper Gulf Stream warm water by persistent southward winds, and (iii) mixing of thi s warm water with continental shelf water cooled by cycles of cold air outbreaks ." Oey 's model results suggest that three or more winter storms are neces sary to promote the development of a mid-shelf front. The mid-shelf front is formed and maintained by the onshore transport of warm Gulf Stream water during southward 10,700
., winds. This balances the offshore transport of colder, denser shelf water via the downward turbulent diffusion of warm water [see Oey et al., 1987, Figure l] . In addition to the frontal formation, Oey's model suggests transient upwelling over the upper slope during southward winds. This paper reports on observations taken to investigate hydrographic variability during winter storm events and to further test Oey's model. The results confirm the model results published by Oey [1986] and Oey et al. [1987] . An example of outer shelf front from the Genesis of Atlantic Storms Experiment (GALE) observations is shown in Figure lb . It lies between 50 and 75 km offshore over the upper slope and shelf break.
RATIONALE FOR GALE OCEANOGRAPHIC OBSERVATIONS
GALE was a meteorological experiment to study cyclogenesis off the east coast of the United States and the effect of rapid cooling on shelf and Gulf Stream dynamics. An integrated set of oceanographic observations was made off Charleston, South Carolina, during GALE that took full advantage of the meteorological observations. The Charleston area was chosen because it provided the widest shelf in the GALE area and weaker forcing from Gulf Stream interactions . Observation platforms included aircraft , ships, and moorings. The basic ship sampling plan was to repeatedly occupy a transect across the shelf and Gulf Stream off Charleston to observe time and spatial variability before, during, and after storm passage. The Charleston section and mooring are shown in Figure 2 . A general description of GALE is given by Blanton et al. [1987] .
METEOROLOGICAL SETTING
Since GALE was primarily a meteorological study , there is an abundance of such data. The reader is referred to Blanton et al. [this issue] and Bane and Osgood [this issue] for a more complete description of the meteorology . The air temperature and the across-shelf and alongshelf wind speed at the Savannah River Navigational Light Tower are shown in Figure 3 . Blanton et al. [this issue] show that winds are coherent over the entire study area. The principal event was the cold air outbreak in late January that was preceded by strong southwestward winds that then changed to eastward . Similar events of less magnitude occurred earlier in the month.
OCEANOGRAPHIC RESPONSE
This section describes the variability in the temperature, salinity , and density fields. For reference the mean and standard deviation in the temperature, salinity , and density fields are shown first (Figure 4) . The important features to note include the Gulf Stream over the shelf break and upper slope , the strong horizontal gradients over the middle shelf, the reversed vertical temperature gradients over the inner and middle shelf, low-salinity water over the inner shelf, the middle shelf density maximum , and indications of upwelling over the upper slope. Temperature variability was highest over the outer shelf because of the Gulf Stream, while salinity variability was highest over the inner shelf because of runoff. Since density is controlled mainly by temperature in this area, the highest density variability was over the shelf break.
The variability of temperature, salinity , and density fields is best discussed by examining the wind, currents , and air temperature ( Figure 3 ) and cross-shelf observations of temperature, salinity, and density ( Figures 5-7) . Figures of Lee et al. [this issue] show satellite-derived sea surface temperatures (SST) with overlayed current vectors . Of particular interest is the shape of the front between the Gulf Stream and shelf waters, the vertical structure over the shelf, and the vertical structure in the Gulf Stream itself. Finally, it must be mentioned that the principal forces at work relevant to oceanographic variability are air-sea heat exchange that occurs throughout the area, wind forcing, meandering of the Gulf Stream front, and passage of frontal eddies along the Gulf Stream front. These latter three forces affect the outer shelf and upper slope more than the inner and middle shelf. Inner and middle shelf currents are wind driven while outer shelf currents follow either the wind or meanders , eddies, and gyres . The notable events in the time series of hydrographic sections are as follows:
January 10-12. During this time, cooling and southward winds caused onshore flow of warm, saline Gulf Stream water to overlie the colder, fresher shelf waters. The doming may be related to upwelling over the upper slope. [Oey, 1986) . Isotherms are doming over the upper slope. Alongshore currents at the shelf break were northward and decreasing because of either the decreasing winds or an offshore shift in the Gulf Stream. January IO marked the time of · maximum northward surface currents at the 75-m isobath suggesting an offshore shift in the Gulf Stream. Cross-shelf surface currents at both 40 and 75 m became onshore during this time period while at depth they remained offshore, suggesting that Ekman dynamics are prevailing. January 14 . Outer shelf front structure weakened with offshore winds. A weak front persisted 25 km offshore. The middle shelf density maximum moved inshore. Note that this maximum coincides with the strongest horizontal temperature gradient. Alongshore currents at all depths at both isobaths remained or trended toward northward. Cross-shelf currents at the 40-m isobath switched to offshore at the surface but remained weakly onshore at the 75-m isobath . Near-bottom cross-shelf currents weakened but remained onshore at 40 m and weakened to near zero at 75 m.
January 16 . Hydrographic structures over the shelf and slope remained the same during the switch from northward to southward winds. Horizontal gradients remained in place, but the middle shelf density maximum moved offshore about 5 km. Slight doming at 80 m, 80 km from shore, may signal the arrival of a frontal eddy propagating into the area from the south [Lee et al., this issue]. Alongshore currents weakened but remained northward in the upper layer at the 75-m isobath but switched to southward near bottom at 40 m. Cross-shelf currents weakened at the 40-m isobath . Crossshelf currents at the 75-m isobath were also offshore. The ap parent lack of response to southward winds probably was observed because the southward winds had only been present for less than a day; thus the waters had not responded.
January 19. Winds continued weakly southwestward, and the front over the middle shelf (30 km offshore) strengthened and showed evidence of Ekman flow. Alongshore currents were northward at both moorings and all depths although highly variable. Cross-shelf currents at the 45-m isobath shifted from offshore to onshore between January 18 and 19. At the 75-m isobath, surface currents were weak at the surface and bottom but weakening. Onshore movement of the 20°C isotherm suggested onshore movement of the Gulf Stream and doming at 60-100 m, 100 km offshore, is further evidenced for the arrival of the frontal eddy.
January 20. Northeastward winds and a weak cold air outbreak cause the shelf waters to mix . The 20°C isotherm moved eastward , away from the shelf break, and l 8°C water moved onshore and upward toward the shelf break. The doming at 100 km persisted , and the 22°C isotherm moved eastward. This pattern of offshore movement of the isotherms and onshore flow of cold water near bottom is typical of eddy passage. Alongshore currents at the 40-and 75-m isobaths remained northward. Cross-shelf currents at the 40-m isobat h were offshore in the upper layer and were onshore near bottom. At the 75-m isobath, upper layer currents were offshore. Near-bottom currents at 75 m were onshore.
January 22. Weak northward winds resulted in an estuarinelike nearshore structure, and the Gulf Stream moved offshore. Note the disappearance of I 8°C water over the upper slope. Alongshore currents remained northward but were weakening and did become southward near bottom at 75 m. Cross-shelf flow in the upper layer at 40 m were offshore , while in the lower layer they were onshore . At 75 m, cross-shelf currents were offshore at both isobaths.
January 24-25. Strong southwestward winds before the 20 .e:15
2 3 4 5 6 7 8 9 10 11 major cold air outbreak caused the shelf to be well mixed with strong horizontal gradients over the middle and outer shelf. The 22°C isotherm moved offshore , while isotherms over the outer shelf moved onshore. Alongshore currents rotated from northward to southward during this time reaching peak velocities on January 25. Cross-shelf currents in the surface layer at both moorings and near bottom at 75 m rotated from offshore to onshore with peak onshore velocity on January 25. Cross-shelf currents near bottom were offshore suggesting an Ekman response.
January 29-30. Strong southeastward winds and a cold air outbreak caused onshore flow of Gulf Stream water onto the shelf, formation of a middle shelf front, and possible cascading of dense inner shelf water along the bottom to the shelf break. A temperature-salinity (T-S) plot of data from stations 211-217 (Figure 8 ) shows that at all stations the bottom water was colder and fresher than surface water and the bottom was colder and fresher nearshore. At 40 m, alongshore currents remained northward, against the wind, while cross-shelf currents were onshore at all depths. At 75 m, alongshore currents were northward and weak, and they weakened with depth. Cross-shelf currents switched to offshore with peak velocities on January 30. The middle shelf density maximum reached 27 u,.
STRATIFICATION AND MIXING PROCESSES
The hydrographic observations shown in the last section shows the variable nature of frontal structures on the shelf. With these data we can now begin to determine the forces that cause the formation and variability of the fronts. It will be shown that stratification of shelf waters depends on the advection of buoyancy from either the near shore or the Gulf Stream and that heat content of shelf waters depends on air-sea heat exchange, wind-induced onshore flow of offshore waters, and onshore flow caused by Gulf Stream meanders.
Potential Energy Variability
The energy required to mix a stratified water column is defined by the potential energy anomaly
where z is depth positive up, h is the water depth, p.., is the water density, p.., is the vertically averaged water density, and g is the gravitational acceleration. The time series of potential energy anomaly, hereafter simply called potential energy, for each station (GO I through 021) is shown in Figure 9 . The figure is broken into three panels representing inner (top panel), middle (middle panel), and outer shelf stations (lower panel). The inner shelf water column was well mixed at stations G0l-O05 except on January 19 and 22, when PE reached maximums because of stratification. The middle shelf PE showed maximums on January 12, 19, and 22-31. The January 12 peak was caused by onshore flow of warm Gulf Stream water in the shelf break region. The maximum on January 19 and 22 was caused by southwest winds, while the one on January 22 may have been caused by minor frontal eddy or meander events. Potential energy over the outer shelf and upper slope was 10 times more during stratification events than inner-middle shelf potential energy, .c
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., as were the fluctuations in that area. The variability over the outer shelf and upper slope was complex with no obvious correlation between station locations. There was a trend for decreasing PE during the sampling period that may have been related to intensified mixing or the offshore movement of the Gulf Stream front. These stations are over the upper slope and shelf break where the Gulf Stream front is slightly tilted, where doming events were observed, and where onshore flow of surface water occurs during southward wind events.
Buoyancy Flux and Boundary Mixing
In this section buoyancy flux and mixing forces will be used to explain the observed temporal variation in stratification. Stratification in the SAB during the winter obviously seldom occurs. The strong winds, intense cooling, and shallow shelf waters all should preclude stratification. Nevertheless, stratification is observed occasionally.
The change in observed potential energy with time,
expresses the net change in stratification because of all the buoyancy and mixing forces present. Those forces are the buoyancy flux including advective flux, wind mixing, and current mixing. A positive P~:f 5 shows increasing PE and stratification. P~:fs is what was observed by making repeated conductivity-temperature-depth (CTD) measurements at fixed locations across the shelf. Buoyancy flux is a process that tends to stratify or mix the Water column by varying the density of the water while wind energy at the surface and current energy on the bottom mix the water column. To compare these processes, one must define power densities that allow the direct comparison of buoyancy and mixing processes. The power required to negate buoyancy flux caused by air-sea heat transfer is heat buoyancy power density [Atkinson and Blanton, 1986] (3a) and the power required to negate a buoyancy flux caused by advection is defined similarly as advective buoyancy power density (3b) where B is the buoyancy flux (modified from Gill [ 1982] 
The advective buoyancy flux A is an unknown but important quantity that will be determined. The two processes that decrease potential energy by mixing the water column are wind and current. The wind power density is where Pa are the densities of air, U * is the friction velocity, Va is the wind speed, and Cd is the drag coefficient (2 x I0-3 ) . Current power density is Pc= f3pwCJ 2 U~ (6) where f3 is an efficiency factor, typically 0. 15 [F earnhead, 1975) , and Uc is the near-bottom current.
We can now equate these powers with the following relation :
P wand Pc mix the water column, decreasing PE, while P Q and PA add buoyancy, increasing PE. In the following discu ssion, PA will be determined, since P~/ts, P Q• P w, and P c can all be calculated from observations. Two specific stratification ev.ents will be discussed, one over the inner shelf and one over the middle and outer shelf. The features of the two events are shown in Figure IO . Between January 10 and 12 the outer half of the shelf stratified during a period of southward wind accompanied by cooling in the presence of a small doming feature . Between January 20 and 22 the inner shelf stratified during a period of offshore winds also accompanied by cooling.
Inn er shelf. The only time that the inner shelf stratified was on January 22 after a period of weak offshore winds and modest cooling. The power densities were calculated using the following values: winds, 8 m s-1 ; currents 0.2 m s-1 at 001 and 0.1 m s-1 at 003 and 005; and heat flux (+350 W m-2 ). P~/ts was determined from CTD observations at stations GO! , 002, and 003 on the two dates . Since P c was several orders of magnitude less than the other terms , it is not included. Table I shows the results . The PE always increased (the water column stratified), and P~/ts was positive. This occurred in spite of P w and P Q (cooling) that decrease PE. The only source of such buoyancy to increase PE is via the advection of buoyancy from nearshore. The last · column represents the amount of advective buoyancy flux in terms of power density that is needed to produce the observed stratification considering the amount of energy available. The important point here is that the power density related to advective buoyancy flux is greater than any other buoyancy creation or destruction process. The only source for this is the offshore transport of low-salinity water. The values of PA convert to about 0.05 m H 2 O m-2 month _ , of runoff, a value that is low compared with long-term means [A tkinson and Blanton , 1986] but within the same order.
Outer shelf. The outer half of the shelf became stratified between January lO and 12 . The power densities and change in PE were calculated by the same procedure as with the inner shelf event. The values used were as follows: wind was 8 m s-1 , and air-sea heat flux was 260 W m-2 at 007, 370 W m -2 at 009 , and 500 W m -2 at GI I. Heat flux was estimated from data in Figure IO . Since latent heat flux was not calculated , the total heat flux was estimated from the January 20 and 21 sections to be about 4 times the sensible heat flux. Power density related to current (Pc) was again orders of magnitude less than other power densities and was not calculated.
As is shown in Table 2 , the outer shelf PE increased, and stratification occurred again in spite of significant amounts of energy available for decreasing PE. It will be shown later that during this time period the outer shelf stratified because of Ekman-driven onshore flow of warm Gulf Stream water. This is the only source of buoyancy in the area, as it is too far offshore to receive buoyant coastal water. Middle shelf. The middle shelf was usually well mixed (P~/ts -0). This is because buoyancy sources in this area are small. Runoff normally does not extend that far offshore, and the onshore flow of buoyant surface Gulf Stream water does not extend this far onshore. Thus wind and current mixing and cooling prevail , and middle shelf PE remains low .
A Model of Heat Content Variability
The heat content of shelf waters in the GALE area varies because of air-sea heat flux and Gulf Stream interaction , both of which are considerable. This section will discuss the observed temporal and spatial variation of heat content of the water column, compare it with latent and sensible heat flux at the sea surface , and present a simple model to explain the variability.
The heat content (per unit area) of the vertical water column is
where CPp is taken as a constant (= 4 x 10 6 J m -3 °K -
1
) and tis depth-averaged temperature. As a first test, the idea that the observed temporal variation of water column heat content in inner shelf waters (001 for example) depends solely on air-sea heat flux (advective effects are minimal) is examined. The temporal variation of heat content due only to surface heat flux is
where Qc is the observed sensible heat loss, QE is the observed latent heat loss , Q 5 is the monthly mean incident short wave solar radiation, and t 0 is the initial time. !::.. Figure 11 . The Qc and QE values were calculated from observations at the Savannah navigational light tower (SNLT). Q 5 was estimated to be 40 W m-2 . Since the other heating terms are 5 times larger than Q 5 , an error in Q 5 is insignificant. The comparison between the observed change in heat content, H(t), and the calculated change, H Q(t), were close, suggesting that the advective effects w~re minimal. The discrepancy between the two should be attnbuted to the possibility of advective heat fluxes in the coastal area and uncertainty in the heat flux terms.
day). H(t) versus H Q(t) is shown in
Next , the cross-shelf variation of heat content is considered and compared with calculated surface heat flux. The temporal variation of H at each station is calculated by the difference oft of two successive hydrographic observations of which the time difference , !::..t, is about 2 days an average. 
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Station Numbers - CO2 January 12, 1986 Station Numbers , c., c., c., c.,c.,c.,c.,c.,c.,t,c.,c., c. ,c., c., [Oey, 1986) and that Gulf Stream interaction with outer shelf water is an important process in the outer shelf region [Oey et al., 1987) .
To separate the effects of air-sea interaction , Gulf Stream meanders, and onshore Ekman flow from the Gulf Stream, the simple box model shown in Figure 13 is used. The box covers the continental shelf region with unit along-shore width. The horizontal distance, L , spans about 56 km (from station GO I to station G 11). The rate of change of the heat content of the continental shelf box is where V ,-, V 0 , V, -, V 0 , T,-, T 0 , and T,,, are the inflow and outflow transports , alongshore inflow and outflow transports , and the water temperatures . T,-, T 0 , and T,,, were determined to be l9°C, l8°C , and 13°C , respectively, from the mean surface and bottom temperatures at the shelf break and the mean temperature of the entire shelf during the GALE observations. The number n is a fraction of the inflow V,-flowing offshore with the remainder (1-n) flowing alongshore . The onshore Ekman transport , V,-, is calculated from the alongshore wind stress Ty ,
with southward wind stress , Ty , positive so the surface inflow is positive. Wind stress for this calculation was determined from the hourly recorded data for the past 3 days from the date considered . The time lag was estimated by the advective time of Ekman flow over a horizontal distance of 0(10 km), i.e.,
Using (10) obtained from the mean surface heat flux, {2 5 + QL (-78 and -197 W m-2 ) by integrating over the shelf and over the GALE period. The resultant ten calculations in January (11.8 , 13 .7, 15.6, 17.9,20, 21.7 , 23.6 , 25.l , 27.5 , and30 .2 and meanders and other effects . There was evidence of a Gulf Stream eddy during the GALE period. It appeared in the area south of the section of January 11-17 and passing by on January 18-24. Four of the five data points (January 17 , 21, 23, and 27) that deviate greatly from the line are during this period of eddy-meander activity. The effect of eddymeander activity on the shelf heat balance, t:.H 05 , can be estimated from those four values and is about 300 W m -
•
The Gulf Stream appears to be warming the shelf on January 17-23 (except January 20) and cooling on January 25-27 , Which is consistent if the Gulf Stream was passing through the area on January 18-24. The model suggests that the heat flux into shelf waters was due to Ekman and eddy-meander flow over the shelf break. This advective heat flux from the Gulf Stream represents the advective buoyancy flux that was determined indirectly in the section of buoyancy flux/ potential energy. In that section it was found that variation in shelf PE depended as much or more on buoyancy advection as on air-sea heat exchange. If the conceptual model is correct, the advective buoyancy flux should be equivalent to !::.HE + t:.HGs· This can be tested with the January 10-12 data. The calculated Ekman heat flux (l::.Hd on January 11 was 700 W m-2 , and the Gulf Stream component was zero (Figure 14) . This converts to equivalent buoyancy power density by successive use of equations (4) 
CONCLUSION
The observations made during the GALE experiment were some of the first to document the response of a wide, shallow shelf area and adjacent boundary current to intense winter winds and cooling.
Stratification over the shelf and the position of the fronts were significantly affected by the advection of buoyancy. During stratification events over the inner shelf, advection of buoyancy was I to 3 times higher than mixing processes. Over the outer s helf, it was up to 4 times higher. Of course, the shelf was well mixed much of the time, demonstrating the effectiveness of wind mixing and heat loss . Stratification occurred only when winds moved buoyant coastal waters offshore or Gulf Stream waters inshore, or when eddies and meanders advected water across the shelf break. The observations of heat variation on the shelf were explained by using a model that estimated the relative contribution of Gulf Stream meanders, Gulf Stream intrusions, and Ekman transport to the observed variability. The simple models showed that the observed heat variability and stratification are caused mostly by the onshore Ekman flo w of warmer Gulf Stream water. This is contrary to most stratification models that do not include advection of buoyancy. This study clearly shows that any studies of middle and outer shelf processes in areas adjacent to western boundary currents must consider both the wind and the boundary current.
